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Solid-state radical grafting of glycidyl methacrylate (GMA) onto poly(4-methyl-1-pentene) (PMP) was
performed using supercritical carbon dioxide (scCO2) impregnation technology. The polymer ﬁlms were
ﬁrstly impregnated in the scCO2 phase with the GMA using benzoyl peroxide as thermal initiator. The
grafting degree and surface morphology of the samples may be controlled by the following factors: time,
temperature, and pressure of impregnation. A 23 factorial design to evaluate the main and interaction
effects of such factors on the grafting of the PMP by GMA (grafting response) was elaborated from FTIR
data. The superior and inferior limits of the levels were deﬁned on basis of a P-x-y diagram for binary sys-
tem CO2 + GMA that provided the location of the transition curves of such a system. Better grafting
response was obtained for pressure of 130 bar, temperature of 70 C and time of 7 h. The PMP-g-GMA
ﬁlms exhibited a thermal proﬁle similar to that of the unmodiﬁed polymer. Adhesion characteristics of
polymer ﬁlms are dependent on grafting degree of GMA.
 2011 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
Applications of polymer-based materials are often extended in
situations in which their surface properties play a protagonist role,
such as, adhesion, electrical resistance, wettability, permeability,
dyes, adsorption of pigments, and so forth [1,2]. Poly(4-methyl-
1-pentene) (PMP) is a polyoleﬁn that has a greater potential of
applications, such as, electrical properties as insulator, chemical
resistance, and gas permeability [3], because of its excellent trans-
parency and high melting point, compared with other polyoleﬁns.
In view of its good gas permeability, the PMP has been widely used
in confection of membranes [3–8]. PMP-made membranes that are
functionalized via ﬂuorination process show a substantial modiﬁ-
cation on the transport properties of some gases [9,10]. Grafting
of polymers that allows to obtain materials with interesting
surface properties can be performed through different modiﬁca-
tion methods. The grafting of monomers onto polymer chains
[11–13] is an example of polymer modiﬁcation which we have
performed on this investigation. Glycidyl methacrylate (GMA)
[14–19] has been selected to be the monomer of interest becausesevier OA license. of its potential applications as support of enzyme immobilization,
chromatography processes, adhesion processes, etc. [20–22]. The
GMA molecule consists of two reactive sites: (i) an epoxy ring that
provides beneﬁts such as ﬂexibility and wettability, (ii) and a
methacryloyl group that gives chemical resistance. The graft poly-
mers are often obtained from chemical processes in which the
reactions are dependent on temperature, time, and nature of initi-
ator, solvent and monomer. However, these factors could be the
main causes of the degradation of the product, such as thermal,
mechanical or chemical ruptures, over the grafting process. Super-
critical CO2 (scCO2) impregnation technology could be an attractive
reaction strategy to make graft polymers of high quality and good
macromolecular stability, thus minimizing the risk of degradation.
The use of scCO2 as an impregnating agent for organic molecules
has been widely reported [23–25]. An important advantage of
scCO2 technology for impregnation of polymers is that it can be
viewed as a green chemistry alternative due to the absence of
potentially toxic solvents or any other impurities, and there is still
the possibility of recycling gas by its reintroduction into new pro-
cess [26–28]. Neither the melting nor the dissolution of the sample
is required for the treatment of polymers by scCO2 impregnation
[29]. In such a process, it is required an involvement of two or more
substances [30,31] that will establish interactions in a reciprocal
manner after the solubilization in the CO2. The impregnation of a
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three main steps: (i) exposition of polymer to scCO2 phase for a
time necessary to be swelled, (ii) transference of solute from scCO2
phase to polymer matrix, and (iii) controlled pressure release of
scCO2 for impregnation of solute onto polymer [32]. This work
aims at studying the inﬂuence of scCO2 on the impregnation of
GMA monomers, as the solute, onto the PMP ﬁlm via solid-state
radical grafting reaction. A 23 factorial design was built to evaluate
the main and interaction effects of time, temperature, and pressure
of the monomer impregnation on the grafting of PMP by GMA. The
superior and inferior limits of the levels were deﬁned based on a P-
x-y phase diagram for binary system CO2 + GMA. Investigations on
the chemical modiﬁcation of polyoleﬁns by simultaneous soaking




Glycidyl methacrylate (GMA) was purchased from Aldrich. Ben-
zoyl peroxide (BPO) was purchased from Hiedel-de-Häen. Carbon
dioxide (analytical grade) with a purity of 99% was purchased from
White Martins. Poly(4-methyl-1-pentene) (PMP) in pellets was
purchased from Acros. All materials were used as received by the
suppliers.
2.2. Grafting reaction of PMP by GMA
The PMP pellets were melted at about 220 C to form ﬁlms with
a thickness of 100 lm and cut into a rectangular dimension of
1.5 cm  4 cm. The grafting reaction was performed through a
two-way synthesis. In the ﬁrst way, known amounts of GMA
monomer, BPO, and PMP ﬁlms were brought into a high pressure
vessel of 316 stainless steel with an internal volume of 25 mL,
which was heated to desired temperature by the use of a thermal
jacket. For impregnation of the samples, the vessel was fed with
CO2 through a high pressure pump P50 THAR model SFE 500 until
reaching the supercritical pressure. In the second way, the impreg-
nated samples were transferred into high pressure vessel with an
internal volume of 50 mL that was fed with N2 until reaching aFig. 1. P, x, y diagram for binary system CO2 + GMA adapted from Franceschi et al. [33]
poly(4-methyl-1-pentene) in the scSCO2 phase. The experimental data were ﬁtted by appressure of 50 bar at 115 C for 4 h. After, all the samples were
washed by conventional Soxhlet extraction in order to remove
residual monomers and ungrafted poly(glycidyl methacrylate)
(PGMA).
2.3. A 23 factorial design for grafting reaction
Experimental conditions at which the PMP exhibits better
GMA-impregnating proﬁle were studied by a 23 factorial design.
Pressure, temperature and time of impregnation were the factors
selected to build such design. The superior and inferior limits of
the levels were deﬁned on basis of P-x-y phase diagram for the bin-
ary system CO2 + GMA adapted from Franceschi et al. [33]: 5 h (1)
and 7 h (+1) for the time of impregnation, 40 C (1) and 70 C (+1)
for the temperature, and 110 bar (1) and 130 (+1) bar for the
pressure. The experimental data were ﬁtted by applying equation
of state by Peng–Robinson (PR EoS). The following density values
of scCO2 were introduced into the PR EoS for data correlation:
0.688 g cm3 for 110 bar and 313 K, 0.752 g cm3 for 130 bar and
313 K, and 0.406 g cm3 for 130 bar and 343 K.
2.4. Graft polymer characterizations: thermal, microscopic, and
spectroscopic analyses
FTIR spectra of unreacted PMP, impregnated PMP, and PMP-g-
GMA were recorded on a Bomen FTIR model MB100 spectrometer.
Measures were performed in triplicate, and a total of 128 scans
were run for resolution of 4 cm1. Differential scanning calorime-
try (DSC) and thermogravimetry (TG) analyses were obtained by
means of a Shimadzu model 50 equipment (DSC-50 and TGA-50)
with a nitrogen stream of 20 mL min1 and heating rate of
10 C min1. Data of wide-angle X-ray diffraction (WAXD) were
collected on a Shimadzu difractometer, model D 6000 with Cu
Ka radiation. The readings of WAXD were made in the scale of
2h = 5–40with resolution of 0.02 at a scanning speed of 3min1.
The analyses were made applying an accelerating voltage of 40 kV
and a current intensity of 30 mA. The surface modiﬁcation of the
grafted ﬁlms was viewed by means of adhesion tests with the
use of an Elcometer Model 106 Adhesion Tester. The surface mor-
phologies of the grafted PMP-g-GMA ﬁlms were studied on an elec-
tron scanning microscopy, Shimadzu model SS-550 Superscan. Theand experimental data for solid-state radical grafting of glycidyl methacrylate onto
plying equation of state by Peng–Robinson.
Fig. 2. FTIR spectra of (A) unmodiﬁed PMP ﬁlm, (B) GMA-impregnated PMP ﬁlm, (C) PMP-g-GMA ﬁlm with 7 h of impregnation, and (D) PMP-g-GMA ﬁlm with 10 h of
impregnation in the scCO2 phase.
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face for visualization by SEM images.Table 1
Factors, levels and grafting responses for the 23 factorial design.
Runs Pressure (bar) Temperature (C) Time (h) Grafting responsesa
1 110.0 (1) 40.0 (1) 5.0 (1) 0.23
2 130.0 (+1) 40.0 (1) 5.0 (1) 0.42
3 110.0 (1) 70.0 (+1) 5.0 (1) 1.45
4 130.0 (+1) 70.0 (+1) 5.0 (1) 1.50
5 110.0 (1) 40.0 (1) 7.0 (+1) 1.18
6 130.0 (+1) 40.0 (1) 7.0 (+1) 0.18
7 110.0 (1) 70.0 (+1) 7.0 (+1) 2.20
8 130.0 (+1) 70.0 (+1) 7.0 (+1) 2.30
a Ratio between the area of the band at 1726 cm1 and the area of the band at
2721 cm1.3. Results and discussion
3.1. Isothermal P-x-y diagram for binary system CO2 + GMA
Fig. 1 shows the correlation data calculated with PR EoS and the
experimental data measured for binary system CO2 + GMA. The
correlation data indicating the phase envelopes were found to be
in good agreement with the data reported in the literature [33].
The importance of an isothermal P-x-y diagram for binary system
CO2 + GMA is that it provided the location of the transition curves
of such a system. For instance, a ﬂuid phase coexists with a gas
phase at pressure of 110 bar, temperature of 313 K or 343 K. The
occurrence of a one-phase system is veriﬁed at experimental con-
ditions of 130 bar, 313 K or 343 K.
3.2. Infrared spectroscopy
Fig. 2 shows the FTIR spectra of (A) unmodiﬁed PMP ﬁlm, (B)
GMA-impregnated PMP ﬁlm, (C) PMP-g-GMA ﬁlm with 7 h of
impregnation, and (D) PMP-g-GMA ﬁlm with 10 h of impregnation
in the scCO2 phase.
The bands with a bad shape at the region of 2800–3000 cm1 in
all the spectra are the result of a saturation of high-intensity sig-
nals of CAH stretching frequency in oleﬁns as the PMP. The band
appearing at 1726 cm1 in the spectrum of GMA-impregnated
PMP ﬁlm (B) was attributed to stretching frequency of carbonyl
groups (>C@O) and the band at 1640 cm1 was assigned to stretch-
ing frequency of vinyl groups (>C@C<) of a,b-unsaturated conjuga-
tion systems in the methacryloyl group. The appearance of a high-
intensity band at 1726 cm1 in the spectrum of 10 h-impregnated
PMP-g-GMA ﬁlm indicated a higher grafting ratio of GMA. The
bands corresponding to epoxy group of the GMA were observed
in the same spectrum at 1263 cm1 (symmetric vibration),1153 cm1 (asymmetric vibration), and 846 cm1 (symmetric
vibration). These ﬁndings are evidences of the impregnation of
chemical groups issued from GMA onto the structure of the PMP.
The complete disappearance of the band at 1640 cm1 in both
the 7 h-impregnated PMP-g-GMA ﬁlm (B) and the 10 h-impreg-
nated PMP-g-GMA ﬁlm (C) spectra was attributed to the consump-
tion of the carbon–carbon p-bonds at the GMA-impregnated PMP
over the grafting reaction. The whole grafting process starts off
with the thermal decomposition of the BPO to generate peroxide
radical ions BPO. After the decomposition of the initiator, the
new radical BPOGMA formed from attacking of the GMA by BPO
reacts with the PMP by abstracting hydrogen ions to produce mac-
roradical PMP. This process continues with the addition of more
and more GMA monomers to the ever-increasing chain. An equiv-
alent grafting mechanism of GMA monomers onto polypropylene
using the BPO as a radical initiator has been described in the liter-
ature [34].3.3. The 23 factorial design
Main and interaction effects of the temperature, time and pres-
sure (or independent variables) on the grafting of PMP by GMA
Fig. 3. A drawing of a cube graph illustrating the main and interaction effects of the
temperature, time and pressure (or independent variables) on the grafting of PMP
by GMA.
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corresponds to stretching frequency of carbonyl groups, calculated
by the ratio between the area of the band at 1726 cm1 and the
area of the reference band at 2721 cm1, was used as response
(or dependent variable) for the grafting reaction, namely grafting
response. The band at 2721 cm1, owing to CAH stretching fre-
quency of CH groups in PMP, was used as reference for calculation
of the grafting response because it did not change over the grafting
reaction. The 23 factorial design consisting of eight runs was de-
scribed in Table 1. Better grafting response was obtained for the
pressure of 130 bar, temperature of 70 C and time of 7 h. Both
the main and the interaction effects of the independent variables
were calculated byFig. 4. Differential scanning calorimetry (DSC) curves of (A) unmodiﬁed PMP ﬁlm, (B) PM
GMA ﬁlm prepared in the following conditions of run 8: impregnating time of 7 h, tempY ¼ 1:06þ 0:81Bþ 0:16C þ 0:23BC ð1Þ
where the letters B and C mean normalized temperature and time,
respectively.
The uncertainty of the empirical model for a conﬁdence interval
of 95% was 0.049. This means that the main and interaction effects
of (B) temperature and (C) time were statistically signiﬁcant. Vari-
ations on the levels of these factors lead to substantial changes on
the grafting response. Fig. 3 shows a drawing of a cube graph illus-
trating the main and interaction effects of the independent vari-
ables. The relevance of such a graph is that it allows to better
understand how these effects are obtained, whether they are rele-
vant independently or in association with one or more effects.
There were no variations on the grafting response by the alteration
on the pressure for any of the temperature and time levels. Zhong
et al. [35] have reported that the glass transition temperature of
polymers decreases when the CO2 pressure increases due to a plas-
ticization effect that occurs even at low CO2 pressures. Thus, the
CO2 pressure could not have a signiﬁcant effect on the experimen-
tal range investigated. On the other hand, any variation on either
the temperature or the pressure could affect the grafting response,
and this corroborates the data of Eq. (1). Better grafting response,
according to the illustration, is seen for the superior levels of both
time and temperature.
The PMP-g-GMA ﬁlms were produced following better grafting
condition demonstrated by both the statistic treatment and the
interpretation of the cube graph: 70 C for the temperature,
130 bar for the pressure, and 10 h for the time of impregnation.
Under these conditions, the percentage of impregnated GMA was
14% (in mass), with respect to percentage of its initial mass.3.4. Differential scanning calorimetry (DSC) and thermogravimetry
(TGA)
Fig. 4 shows the DSC curves of (A) unreacted PMP ﬁlm, (B) PMP
ﬁlm impregnated in the scCO2 without GMA for 10 h, and (C) PMP-
g-GMA ﬁlm of run 8. The peak at 232 C in the thermogram of PMP-
g-GMA ﬁlm (C) was attributed to melting temperature (Tm) of theP ﬁlm with 10 h of impregnation in the scCO2 phase without GMA, and (C) PMP-g-
erature of 70 C, and pressure of 130 bar.
Fig. 5. Thermogravimetry (TGA) curves of (A) unmodiﬁed PMP ﬁlm, (B) PMP-g-GMA ﬁlm of run 8, and (C) PMP-g-GMA of run 8 with 10 h of impregnation in the scCO2 phase.
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10.9 and corresponds to more than 40% of FWHM of the unreacted
material, which corresponded to 7.8%.
This ﬁnding is more likely to be an effect of heating ﬂow than
inﬂuence of grafting reaction. This result can be supported by the
DSC curve of the 10 h-impregnated PMP ﬁlm (B) in which there
is no any residue of GMA. This ﬁlm showed a FWHM of 10.9 that
is equal to that of the PMP-g-GMA ﬁlm, meaning that the grafting
reaction of the PMP by GMA has no effect on the Tm of the polymer.
Fig. 5 shows the TG curves of (A) unmodiﬁed PMP ﬁlm; (B) PMP-
g-GMA ﬁlm of run 8, and (C) PMP-g-GMA of run 8 with 10 h ofFig. 6. Wide-angle X-ray diffraction (WARD) patterns of (A) unmodiﬁed PMP ﬁlms, (B) P
ﬁlm prepared in the conditions of run 8: impregnating time of 7 h, temperature of 70 Cimpregnation in the scCO2 phase. Ten percent weight loss temper-
ature (T10) for each one of the ﬁlms was found as follows: 366 C
for ﬁlm A, 374 C for ﬁlm B, and 334 C for ﬁlm C. Note that the ﬁlm
C (10 h of impregnation) showed the lower T10 but it started off at
225 C. In this case, there was a signiﬁcant decrease of the thermal
stability of the material. This has also been viewed for T10 of the
ﬁlm B but it has occurred in a less marked way. In both cases, there
may be an expressive inﬂuence of the polymerized GMA chains
(PGMA) on the thermal stability of the samples. The T10 of the
PGMA occurs at 313 C but it starts off at 200 C [36]. The impor-
tance of T10 of the PGMA is that it provides a strong relation withMP ﬁlm with 10 h of impregnation in the scCO2 without GMA, and (C) PMP-g-GMA
, and pressure of 130 bar.
Fig. 7. Adhesion work plots of unmodiﬁed PMP ﬁlm, PMP-g-GMA ﬁlm of runs 3, 4, 7 and 8, and PMP-g-GMA ﬁlm of run 8 with 10 h of impregnation in the scCO2 phase.
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the grafted ﬁlms.
3.5. Wide-angle X-ray diffraction (WAXD)
Fig. 6 shows the wide-angle X-ray diffraction (WAXD) patterns
of (A) unmodiﬁed PMP ﬁlms; (B) PMP ﬁlm with 10 h of impregna-
tion in the scCO2 without GMA, and (C) PMP-g-GMA ﬁlm of run 8.
The high-intensity diffraction signal at 2h = 9.5 in the WAXD pat-
tern of ﬁlm B indicates the formation of crystalline phases, sup-
posed to be the result of the thermal treatment. However, by
normalizing the diffraction signals at 2h = 9.5, 2h = 16.9, andFig. 8. SEM images of (A) unmodiﬁed PMP, (B) PMP-g-GMA ﬁlm of run 82h = 18.4 in the WAXD patterns of ﬁlm C, it is veriﬁed lower inten-
sity signals than those in the WAXD patterns of ﬁlm A. There may
be a reduction in the intensity of crystalline planes in the PMP due
to the grafting reaction with GMA.
3.6. Adhesion analysis
Adhesion tests were performed in order to verify possible alter-
ations on the surface properties of the PMP-g-GMA ﬁlms. Fig. 7
shows the work of adhesion (WA) of unmodiﬁed PMP ﬁlm, PMP-
g-GMA ﬁlm of runs 3, 4, 7 and 8, and PMP-g-GMA ﬁlm of run 8 with
10 h of impregnation in the scCO2 phase. There is an increase of thewith 10 h of impregnation before and (C) after the adhesion tests.
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factorial design in which has been demonstrated that better graft-
ing conditions are obtained by the association of the temperature
with time of impregnation. For example, by increasing the time
of impregnation from 5 h to 7 h (runs 3 and 4), the WA increases
by nearly two times. For the time of 10 h, the WA increases signif-
icantly by nearly 5 times. In the experimental conditions of run 8,
the WA of the grafted ﬁlm represents a quarter of the WA of the
PGMA ﬁlm. Furthermore, the PMP-g-MGA ﬁlm of run 8 demon-
strates adherence with Araldite resin on Dolly pin tester
(0.1 ± 0.007 N mm1) due to the reactivity of its epoxy-rich modi-
ﬁed surface.
3.7. Morphology analysis
Fig. 8 shows the SEM images of (A) unreacted PMP, (B) PMP-g-
GMA ﬁlm of run 8 with 10 h of impregnation before and (C) after
the adhesion tests. The grafted PMP ﬁlms (B and C samples)
showed surface morphology clearly different from that of the
unmodiﬁed PMP. The formation of aggregates on the surface ﬁlm
that would has occurred after grafting PMP was attributed to the
surface-grafted PGMA chains, shown in Fig. 8B. The grafting reac-
tion by GMA under conditions of run 8 leads to considerable
changes on the surface morphology of the PMP. After the adhesion
tests, the PMP-g-GMA ﬁlm showed surface with an irregular mass
distribution, which is the result of the fracture of the PMP surface
during the tests with Araldite.
4. Conclusions
The solid-state radical grafting of GMA onto the PMP surface
was studied by using supercritical carbon dioxide (scCO2) impreg-
nation. The polymer ﬁlms were ﬁrstly impregnated with the GMA
monomers, and BPO as the thermal initiator. Both the grafting de-
gree and the morphology may be controlled by the time, tempera-
ture, and pressure of the monomer impregnation. Better grafting
condition, demonstrated by both the statistic treatment and the
interpretation of the cube graph, was obtained for temperature of
70 C, pressure of 130 bar, and time of 10 h. The PMP-g-GMA
polymer ﬁlms exhibited a thermal proﬁle similar to that of the
unreacted polymer. Adhesion characteristics of the polymer
ﬁlms are dependent on grafting degree of GMA. These grafted
materials have a potential great to be used in anchoring substances
with external surface-located functional groups for enzyme
immobilization.
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